Background: Genetic variations in DNA double-strand break repair genes can influence the ability of a cell to repair damaged DNA and alter an individual's susceptibility to cancer. We studied whether polymorphisms in DNA double-strand break repair genes are associated with an increased risk of glioma development. Methods: We genotyped 10 potentially functional single nucleotide polymorphisms (SNPs) in 7 DNA double-strand break repair pathway genes (XRCC3, BRCA2, RAG1, XRCC5, LIG4, XRCC4 and ATM) in a case-control study including 384 glioma patients and 384 cancer-free controls in a Chinese Han population. Genotypes were determined using the OpenArray platform. Results: In the single-locus analysis there was a significant association between gliomas and the LIG4 rs1805388 (Ex2 +54C>T, Thr9Ile) TT genotype (adjusted OR, 3.27; 95% CI, 1.87-5.71), as well as the TC genotype (adjusted OR, 1.62; 95% CI, 1.20-2.18). We also found that the homozygous variant genotype (GG) of XRCC4 rs1805377 (IVS7-1A>G, splice-site) was associated with a significantly increased risk of gliomas (OR, 1.77; 95% CI, 1.12-2.80). Interestingly, we detected a significant additive and multiplicative interaction effect between the LIG4 rs1805388 and XRCC4 rs1805377 polymorphisms with an increasing risk of gliomas. When we stratified our analysis by smoking status, LIG4 rs1805388 was associated with an increased glioma risk among smokers. Conclusions: These results indicate for the first time that LIG4 rs1805388 and XRCC4 rs1805377, alone or in combination, are associated with a risk of gliomas.
activation through the use of sister-chromatid sequences as a template for precise repair [11] .
Recent evidence suggests that several single nucleotide polymorphisms (SNPs) in the DSB repair pathway genes may be prognostic biomarkers for GBM survival and modulate gamma-radiation-induced mutagen sensitivity in glioma patients [12, 13] . Genetic variants in DSB repair pathway genes have been extensively studied in multiple cancers. However, few studies have specifically identified any association between genetic variations in the DSB repair pathway genes and the risk of gliomas.
Here we investigate the role of 10 potential SNPs in XRCC3, BRCA2, RAG1, XRCC5, LIG4, XRCC4 and ATM in the development of gliomas, and further evaluate their gene-gene and gene-environment interactions in the development of glioma.
Methods

Study population
The study was approved by the Ethics Review Board of Nanjing Medical University. All studies involving human subjects were conducted under full compliance with government policies and the Helsinki Declaration. From 2005 to 2010, a total of 447 patients with histopathologically confirmed gliomas were recruited from the Department of Neurosurgery of Jiangsu Province Hospital (the First Affiliated Hospital of Nanjing Medical University) and Beijing Tiantan Hospital Neurosurgery Center (BTHNC). The tumors were graded according to the World Health Organization (WHO) classification [3] . A total of 408 (87%) patients agreed to the study. The 400 healthy control subjects without a history of cancer were recruited from health examination clinics at these hospitals concurrent with the recruitment of glioma patients. The control subjects were frequently matched to cases by age and sex. All cases and controls in this study were genetically unrelated ethnic Han Chinese. All participants completed an informed consent in accordance with the requirements of the institutional review board of each participating institution and a structured questionnaire to obtain detailed information on diet, weight, height, smoking habits and drinking status. After the interview a blood sample (5 ml) was collected from each study subject, gathered into heparinized tubes and stored at −70°C until used for DNA extraction and genotyping. Finally, 384 glioma patients and 384 cancer-free controls whose DNA samples were available and adequate were included in our work.
SNP selection and genotyping
Potential functional SNPs within each gene were identified through an extensive mining of the databases of the International HapMap Project and dbSNP. As a result, 10 SNPs in the coding sequence, promoter, splice sites, and 5 0 or 3 0 -UTRs with a minor allele frequency (MAF) ≥ 0.05 in the general Han Chinese population were selected.
Genomic DNA was isolated from leukocyte pellets of venous blood by proteinase K digestion and phenolchloroform extraction. Genotyping was performed using the OpenArray platform (Applied Biosystems, Foster City, California, USA). This platform employs a chipbased TaqMan genotyping technology. Sequences of primers and probes are available on request. Genotyping was conducted according to the manufacturer's standard protocols, and genotype calls were made by OpenArray SNP Genotyping Analysis Software V.1.0.3. To ensure quality control, genotyping was performed without the knowledge of individual case-control status. We randomly selected 5% of the samples to be genotyped again by different investigators and the reproducibility rate was 100%. To validate the genotyping results, selected PCR-amplified DNA samples (n = 2, for each genotype) were confirmed by DNA sequencing, and these results were found to be 100% concordant.
Statistical analysis
Demographic variables between cases and controls were compared using Student's t test (age and pack-years) for continuous variables and the χ 2 test for categorical variables (gender, smoking and drinking status). The Hardy-Weinberg equilibrium (HWE) was evaluated in control subjects using a goodness-of-fit χ 2 test with 1 degree of freedom. The effect of each SNP on glioma risk was estimated as an odds ratio and 95% confidence intervals (95% CI) by unconditional logistic regression adjusted by age, gender, smoking and drinking status. A score test of linear trend was conducted for each SNP using a three-level ordinal variable. To minimize false positive results generated from the multiple statistical tests used in our analysis, we applied a false discovery rate (FDR) method to the P values for trend [14] . To evaluate effect modification by smoking, subgroup analyses were also performed for LIG4 rs1805388 and XRCC4 rs1805377 polymorphisms. A more-than-multiplicative gene-gene or gene-environment interaction was evaluated using logistic regression analysis. When the test for multiplicative interaction was not rejected, further test for an additive interaction was done by a bootstrapping test of goodness-of-fit of the null hypothesis, for no departure from the additive model compared to an alternative hypothesis, and for a departure from an additive model by using Stata software (version 8.2; StataCorp LP). All the other statistical analyses were performed with SAS 9.1.3 software (SAS Institute).
Results
Sample characteristics
The distribution of demographic characteristics of the 384 cancer cases and 384 cancer-free controls available for this analysis are summarized in Table 1 . Cases and controls were well matched on age (P = 0.277), gender (P = 0.715), smoking status (P = 0.465) and drinking status (P = 0.222), suggesting that our frequency matching of the demographic characteristics was satisfactory.
Individual SNP association analysis
Primary information of the 10 functional SNPs found in the Chinese population in the dbSNP database is presented in Table 2 . All tested SNPs were in agreement with Hardy-Weinberg equilibrium in the control subjects (p > 0.05).
In the multivariate logistic regression models ( Table 3) , each of the variant genotypes of LIG4 rs1805388 was associated with a significantly increased risk of gliomas compared to the wild-type CC genotype (adjusted OR, 1.62; 95% CI, 1.20-2.18 for CT and adjusted OR, 3.27; 95% CI, 1.87-5.71 for TT, respectively). Similarly, compared with the common homozygous genotype, carriers with XRCC4 rs1805377 homozygous variant genotype showed a significantly increased risk of gliomas (adjusted OR, 1.77; 95% CI, 1.12-2.80 for GG). Furthermore, the association for allele variants were dose dependent for each locus (Trend test: P < 0.001 and P = 0.030 for rs1805388 and rs1805377, respectively).
Interaction between smoking and genetic factors
We further evaluated the interaction between the LIG4 rs1805388 and XRCC4 rs1805377 polymorphisms and tobacco smoking with respect to the risk of gliomas. We detected a significant additive (P interaction = 0.013) and multiplicative interaction (P interaction = 0.046) effect between LIG4 rs1805388 and tobacco smoking for the development of gliomas. Compared with never-smokers carrying the wild-type genotype of LIG4 rs1805388, those ever-smokers with variant-containing genotype of LIG4 rs1805388 polymorphism had a significantly increased risk to develop gliomas (adjusted OR, 1.67; 95% CI, 1.11-2.50) ( Table 4 ).
Combined analysis of multiple SNPs
The LIG4-XRCC4 complex plays a fundamental role in DNA non-homologous end-joining and is present in all eukaryotes. It has been demonstrated that XRCC4 can stimulate LIG4 activity and is required to stabilize LIG4. Thus, we estimated the combined effect of LIG4 and XRCC4 genes on glioma risk. As shown in Table 5 , 35.4% of the cases and 19.3% of the controls had variant genotypes at both loci (LIG4 rs1805388 CT+TT and XRCC4 rs1805377 AG+GG). In comparison with the reference combination of LIG4 rs1805388 CC and XRCC4 rs1805377 AA, the combination of the LIG4 rs1805388 CT+TT genotype together with XRCC4 rs1805377 AG+GG genotype was found to be significantly associated with glioma (adjusted OR, 2.22; 95% CI, 1.49-3.30). Furthermore, significant more-than-multiplicative (0.005) and more-than additive (0.009) gene-gene interactions of these two loci (LIG4 rs1805388 CT+TT and XRCC4 rs1805377 AG+GG) were found in relation to the risk of gliomas.
Discussion
Accumulating evidence demonstrates that the DSB repair pathway plays a critical role in repairing doublestrand breaks caused by a variety of exposures. Although genetic variants in DSB repair pathway genes are considered as potential risk factors for various cancers, less evidence exists as to the potential role of the DSB repair pathway genes polymorphisms on glioma susceptibility. To our knowledge, this study is the first to provide a comprehensive evaluation of the relationship between polymorphisms in both NHEJ and HR pathway genes and susceptibility to gliomas. On the basis of our analysis of 384 controls and 384 glioma patients, we observed that one splice-site SNP in XRCC4 (rs1805377, IVS7-1A>G, splice-site) and one non-synonymous SNP in LIG4 (rs1805388, Ex2 +54C>T, Thr9Ile) are associated with the increased susceptibility to gliomas in a Chinese population.
Previous researches on the function of the XRCC4 rs1805377 and LIG4 rs1805388 polymorphisms have been informative in understanding the potential roles of these two polymorphisms in the development of gliomas. The LIG4 rs1805388 polymorphism results in a nonsynonymous amino acid change from threonine to isoleucine at the N-terminal of the LIG4 protein that is essential for its activity [15] . Two linked polymorphisms rs1806389 (T9I) and rs1805388 (A3V) in the N-terminal of LIG4 mildly but reproducibly reduce adenylation and ligation activities (2-3fold) [16] and increase the hydrophobic nature of this region of the protein [17] . The XRCC4 rs1805377 polymorphism in intron 7 may have functional significance since the nucleotide change potentially abolishes an acceptor splice site at exon 8 [18, 19] . Gene-gene interaction was also studied since XRCC4 and LIG4 proteins form a tight and specific complex that catalyzes ligation of processed DNA ends. Although LIG4 interacts with the coiled-coil region of human XRCC4 via the region that lies between the two Cterminal BRCT domains [15, 20, 21] , the combined analysis of multiple SNPs revealed that LIG4 rs1805388 which causes a nonsynonymous amino acid change at the N-terminal of the LIG4 protein and XRCC4 rs1805377 interacted to modulate the risk of gliomas as a joint effect. Tseng et al. [22] performed a gene-gene interaction analysis which revealed that polymorphisms in the XRCC4 (rs1805377) and LIG4 (rs1805388) genes interacted to modulate the risk of lung cancer (adjusted OR, 8.75) and demonstrated that LIG4 rs1805388 and XRCC4 rs1805377 polymorphisms are linked significantly with high fractional allelic loss (FAL), an indicator of genomic instability. Taken together, considering the functional relevance of these two proteins, an individual SNP or combinations of these two SNPs may change the activity of the LIG4-XRCC4 complex and pose a substantial influence on the development of gliomas.
Overwhelming evidence indicates that our findings are biologically plausible. NHEJ is a multistep process initiated by the XRCC5/XRCC6 dimer (also known as Ku80/Ku70) which immediately binds to both broken ends of DNA and recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) forming the trimeric DNA-PK holoenzyme [23, 24] . Finally, the LIG4-XRCC4 complex in vivo carries out the ligation step to complete repair [10] . XRCC4 serves as a multipurpose partner for the LIG4 protein, facilitating LIG4 stability and stimulating LIG4 adenylation [21] . Consistent with the need for effective repair of DSBs by NHEJ, XRCC4or LIG4-deficient mouse fibroblasts exhibit marked sensitivity to ionizing radiation, growth defects and premature senescence [25, 26] . The deficiency of DSB repair has led to significant improvements in radiation sensitization of gliomas [27] . Furthermore, XRCC4 or LIG4 null mice die in late embryogenesis accompanied by defective lymphogenesis and massive apoptotic cell death of newly generated postmitotic neurons [28, 29] . Many studies in the past have shown that the deficiency of LIG4 or XRCC4 in animals can lead to increased rates of neoplastic transformation. Although loss of p53 expression rescues neuronal death and embryonic lethality, XRCC4 or LIG4/p53 double-null mice routinely succumbed to RAG-dependent pro-B lymphomas with translocations/amplifications of c-myc and IgH loci [28, 29] . Nijnik et al. found that LIG4 Y288C mice (a mouse model for human LIG4 syndrome) exhibit multiple defects in lymphocyte development and a hypomorphic LIG4 mutation can confer strong predisposition to lymphoid malignancies [30] . In addition to tumors of the immune system, Sharpless et al. demonstrated that LIG4 haploinsufficiency with decreased NHEJ activity contributes to development of soft tissue sarcomas that possess clonal amplifications, deletions and translocations [31] . A defective DNA double-strand break repair pathway in the nervous system can also lead to brain tumors. Lee et al. demonstrated that LIG4/p53 double- null mice can develop medulloblastoma [32] . Consistent with this notion, XRCC4/p53 doubly deficient in nestinexpressing neuronal progenitor cells can lead to early onset of neuronally differentiated medulloblastomas [33] .
Significant down-regulation of XRCC4 was found in grade II, III, IV of astrocytoma compared to normal brain tissues and decreased expression of XRCC4 was significantly associated with a poor prognosis (P < 0.05) [34] . These studies raise the possibility that decreased LIG4 or XRCC4 activity plays a role in human carcinogenesis.
Since tobacco is a well-confirmed inducer of DNA damage, in particular DSBs [35] , we performed stratified analysis to estimate the interaction between the genotypes and smoking status. As shown in Table 4 , LIG4 rs1805388 were associated with an increased risk of gliomas among smokers under a dominant model. Our data indicated the presence of an interaction between the NHEJ pathway genes and smoking status. In addition, smokers with less efficient DSB repair capacity may be more likely to develop gliomas.
Currently, the number of genome-wide association studies (GWAS) has been growing rapidly, leading to the discovery of many new variants associated with complex diseases. Two recent genome-wide association studies (GWAS) of risk of glioma in European populations did not identify an association between the XRCC4 rs1805377 and LIG4 rs1805388 polymorphisms and glioma risk [36, 37] . There are several possible reasons for the contradictory findings between GWA studies and our present study. First, it might be due to genetic heterogeneity (both allelic and locus heterogeneity) in different ethnic populations or the different reporting criteria for a P value. Second, the frequencies of XRCC4 rs1805377 and LIG4 rs1805388 polymorphisms and patterns of linkage disequilibrium (LD) are very different in two HapMap populations (CEU and CHB). Thirdly, it could be that the association of this variant may be population-specific and the interaction between genes and environmental factors vary in different human populations. Our results require confirmation in further GWA studies of gliomas in Chinese population.
Our study has several strengths. First, all tested SNPs were in Hardy-Weinberg equilibrium in controls. Second, in this study, a standardized genotyping approach was performed and quality control samples indicated a high degree of reproducibility of the genotyping results. Third, we were able to examine the association between the 2 SNPs and the risk of gliomas in a well-described and racially homogeneous population of the same ethnicity. Moreover, we use a pathway-based approach to estimate the combined effect of LIG4 and XRCC4 genes, which may provide enhanced risk assessment. Finally, we used a relatively comprehensive analysis of 10 polymorphisms in 7 candidate genes involved in DNA double-strand break repair pathways. However, our current study has some limitations. First, we were not able to explore the exact biological mechanism of how XRCC4 rs1805377 and LIG4 rs1805388 polymorphisms affect the development of gliomas. Second, this study was a hospital-based case-control study; thus, selection bias in the present study may have led to spurious findings. However, the controls and cases were matched on age and sex, which may have minimized selection bias. Third, our findings need to be replicated in other independent studies. Fourth, we did not perform the stratified analysis by glioma grade due to the limited sample size. Therefore, large-scale studies and functional evaluation are warranted to replicate these findings in an independent population that is well-powered to performed stratified analysis by glioma grade.
Conclusions
In conclusion, of the 10 potential functional polymorphisms investigated here, we provide the first evidence that the XRCC4 rs1805377 (IVS7-1A>G, splice-site) and LIG4 rs1805388 (Ex2 +54C>T, Thr9Ile) polymorphisms contribute to the risk of developing gliomas, alone or in combination. This is also the first report to investigate the role of gene-gene and gene-environment interactions of these 10 potential functional SNPs of 7 major NHEJ and HR pathway genes in the development of gliomas. These findings may be helpful in improving our understanding of the etiology of gliomas. XRCC4 rs1805377 and LIG4 rs1805388 polymorphisms may be useful susceptibility biomarkers for gliomas and aid in the development of diagnostic strategy to reduce the burden of gliomas. Future larger scale studies with ethnically diverse populations and functional evaluation are needed to confirm our findings.
